A detailed study was conducted on localized oxidation on Type 321 stainless steel (321ss) using synchrotron x-ray nanobeam analysis along with Raman microscopy. The results showed the presence of metallic nanonetworks in the oxide scales, which plays an important role in the continued oxidation of the alloy at 750°C. A mechanism is proposed to explain the rapid oxidation of 321ss in complex gaseous environments at elevated temperature. Neutral metal atoms could diffuse outward, and carbon atoms could diffuse inward through the metallic nanonetworks in oxide layers. Alternately, diffusion tunnels can dramatically affect the phase composition of the oxide scales. Since the diffusion rate of neutral metal and carbon atoms through the metallic nanonetworks can be much faster than the diffusion of cations through Cr 2 O 3 , the metallic nanonetwork provides a path through the protective Cr 2 O 3 layer for the rapid outward diffusion of metallic chromium and iron atoms to the nonprotective spinel layer. This diffusion process affects the solidstate reaction near the alloy-oxide boundary, and a dense Cr 2 O 3 protective layer does not form. The classic stable structure of the oxide scales, with a dense Cr 2 O 3 layer at the bottom, is damaged by the rapid diffusion through the tunnel at the reaction front, resulting in locally accelerated oxidation. This process can subsequently lead to ''breakaway'' oxidation and catastrophic failure of the alloy.
Introduction
Oxidation and carburization of alloy materials at high temperatures is a long-standing problem that leads to huge economic and energy losses (Ref [1] [2] [3] [4] . Such degradation retards the improvement of energy conversion efficiency that requires higher operating temperatures in process systems (Ref [1] [2] [3] [4] . If the efficiency of coal-fired power plants can be improved from the current %30% to 50%, then 4.6 billion tons of CO 2 emissions could be reduced annually. Meanwhile, 1.6 billion tons of coal and fuel costs of 200 billion dollars would be saved annually. To improve the oxidation resistance of metallic materials at elevated temperatures, it is important to further understand the potential oxidation mechanisms of alloys exposed to high-temperature complex gaseous environments.
In general, alloys are protected from continuous oxidation by the oxide scales that develop on their surface at high temperatures when exposed to complex gaseous environments (Ref 5) . Phase composition of the oxide scales dramatically affects the capability of the scales to protect the alloy from oxidation at high temperatures. Typically, Cr 2 O 3 scales are protective, but spinel is not.
With advances in surface analysis techniques, it is currently possible to analyze the oxidized surfaces to a much higher resolution in characterizing the phases, compositions, composition gradients, and other factors in alloys that develop reaction layers when exposed to complex gas environments at elevated temperatures. x-ray diffraction (XRD) is the best method to evaluate the composition of phases in the oxide scales, but the sizes of regular x-ray beams means they generally cannot be focused on the oxide scales that are normally fairly thin with the size range on the order of nanometers-to-micrometer scale.
The 2ID-D beamline of the APS at Argonne National Laboratory produces a monochromatic x-ray beam size of 200 9 300 nm. The advantage of the synchrotron x-ray nanobeam is that the technique can be used to determine both the chemical composition by x-ray fluorescence and phase identification by XRD, within the nanosize area. Our recent study using nanobeam x-ray analysis indicated that the surface scales on alloys could be a mixture of oxides and metallic particles. These metallic nanoparticles can self-assemble into nanonetworks and act as channels for the transportation of certain constituent elements that exhibit high diffusion rates in metals (Ref 6) . Although metallic particles have been observed in the oxide scales on alloys after exposure to steam at elevated temperatures since 1970 (Ref 7, 8) , the effects of metallic nanonetworks on elemental transport and oxidation have not been evaluated in traditional oxidation/corrosion experiments.
Diffusion of alloy constituents and gas-phase constituents play an important role in the development of the oxide scales and in their microstructural characteristics. Since the proposal of the theory of oxidation by Carl Wagner in 1933 (Ref 5) , diffusion of charged species such as cations, anions, and electrons has been considered as the avenue for transport through oxide scales because the scales are usually considered to consist of only oxide phases. However, if there are metallic nanonetworks in the oxide scales, then an additional diffusion route emerges since neutral metal atoms like Cr and Fe can diffuse outward, and carbon atoms can diffuse inward along the metallic nanonetworks.
In this paper, we present a novel transport route for breakaway oxidation that can lead to catastrophic degradation of metallic components exposed to elevated temperatures.
Experimental Procedures

Oxidation Experiments
Type 321 stainless steel (321ss) with a composition (in wt.%) of 70.35Fe-17.3Cr-10.3Ni-1.2Mn-0.4Si-0.4Ti-0.04C-0.01N was selected for the experiments. Oxidation experiments were conducted in an experimental system that consists of a horizontal, tubular, high-temperature furnace capable of operating up to 1000°C. The reaction chamber consisted of a quartz tube (74-cm length, 5-cm OD, 0.32-cm thick), which was centered in a 30-cm-diameter resistive heating furnace. Type 316ss flange caps with an O-ring seal were used to close the ends of the quartz tube. The flange caps provided port fittings for the gas flow and steam/vapor preheater. A Barber-Coleman Model 560 three-mode controller was used to control the furnace temperature. A chromel-alumel thermocouple, inserted from one end of the reaction chamber, was used to monitor the specimen temperature. Specimens were suspended from quartz rods held on the top of a high-purity alumina boat. The specimens and the boat were positioned in the constanttemperature section of the reaction chamber. The specimens were exposed to pure CO 2 , 0.1% O 2 -99.9% CO 2 , 3.97% O 2 -96.03% CO 2 , and 21% O 2 -79% CO 2 with a gas flow rate of 300 ml/min at 750°C. Specimens were weighed after exposure, and the mass gain was measured to evaluate the oxidation resistance.
Characterization of the Oxide Scales
After exposure at elevated temperatures, the specimens were cut and metallographic mounts were prepared for cross-sectional analysis. The microstructure of each specimen was examined using a Hitachi S4700-II scanning electron microscope (SEM). Nanobeam x-ray analysis was performed at the 2ID-D beamline of the APS at Argonne National Laboratory. The x-ray nanobeam (beam size of 200 9 300 nm) was scanned across the cross sections at both the breakaway and protective regions from the surface to the interior of the alloy specimens (Ref 6) . Using a Si(001) doublecrystal monochromator and zone plate optics, the x-ray nanoprobe in the experimental station produced a monochromatic x-ray beam of size of 200 9 300 nm and a photon flux of 5 9 10 9 photons/s with an x-ray energy bandwidth (dE/E) of 0.01 %. The focal plane of the zone plate optics was adjusted to obtain a minimum spot size at the surface of the specimen. The beam was incident upon the region of interest on the specimen, and scattering intensity in a section of reciprocal space was captured by a flat, two-dimensional detector (CCD camera). Specimens for synchrotron radiation experiments were prepared in a similar manner as those for the cross-sectional analysis in SEM. The beam energy was 8.5 KeV for the XRD experiment. The position of the oxide-metal interface was determined by monitoring the Fe-fluorescence counts as the sample was translated across the beam.
Raman spectra were recorded using a Raman microscope (Renishaw, Inc.) typically using 5 mW of 514.5-nm excitation, 10 s/point, and 2-lm steps between map points. The microscope was equipped with a 509 0.75 na objective (Leica) and a computer controlled X-Y sample stage (Prior), which was used for automated mapping.
Electron energy loss spectra (EELS) and energy-dispersive x-ray spectra (EDX) were acquired with a FEI Tecnai F20ST transmission electron microscope (TEM). The sample for the TEM experiment was cut by a Zeiss 1540XB focused ion beam (FIB) microscope from a cross section of 321ss after exposure in pure CO 2 at 750°C.
Results and Discussion
Observation of Metallic Networks in Oxide Layer on Alloy After Breakaway Oxidation
The cross sections of 321ss after 24-h exposure in pure CO 2 , 0.1% O 2 -99.9% CO 2 , and 3.97% O 2 -96.03% CO 2 at 750°C were examined by using a SEM. Although most of the areas on the alloy surface were covered by protective scale, locally enhanced oxidation was observed on the surface of all specimens (Fig. 1) . The number of local corrosion points and the corrosion depth decreased with the increasing oxygen partial pressure. Breakaway oxidation was initiated from a localized attack on the surface of 321ss, and subsequently propagated over the entire surface after prolonged exposure. However, such breakaway oxidation did not occur when the stainless steel was exposed to 21% O 2 -79% CO 2 for 320 h at the same temperature.
Two oxide layers were observed in the breakaway region. The nanobeam XRD analysis indicates that the outer layer of the breakaway region consists of Fe 3 O 4 , whereas (Mn,Fe)-Cr 2 O 4 spinel is observed at the middle and inner scale regions (Fig. 2a) . Fe 2 O 3 was also observed on some areas of the oxidegas interface. Cr 2 O 3 and FeO were not observed in the scales of the breakaway area within the detection limit. In the protective region, Cr 2 O 3 was the primary phase in the oxide scales near the alloy-oxide boundary, whereas spinel was the primary phase at the oxide scales near the surface. Diffraction peaks from NiFe metal phases were observed in the oxide scales of the protective areas (Fig. 2b) . These metallic nanoparticles can form in the thermal growth process of the oxide scales (Ref 6, 9) . Both ferritic and austenitic phases occur in these Ni-Fe nanoparticles. The intensity of the ferritic diffraction peak at 42.1°(d-space at 2.03 Å ) is much higher than the austenitic diffraction peak at 41.1°, which indicates that the primary phase in these Ni-Fe nanoparticles in the oxide scales is ferritic. In contrast, 321ss has an austenitic structure with the 111 diffraction peak at 41.1°(d-space at 2.08 Å ) when an x-ray beam energy of 8.5 keV is applied. The intensity of the diffraction peak at 47.6°from the austenitic Ni-Fe phase near the surface is higher than that near the alloy-oxide boundary, which indicates an increase in the content of austenitic phase in metallic particles. Part of the metallic phase changes to austenitic structure, which may be due to the decrease in iron content in metallic particles near the surface, because iron is more readily oxidized than nickel at high p O2 near the surface.
Nano-XANES (x-ray absorption near-edge structure) indicate that the chemical shift of Ni at the oxide scales of the protective area is close to that of Ni metal (Fig. 3a) . The nickel particles in the oxide scales of the protective area are in their metallic state. Therefore, both nano-XANES and nano-XRD confirm that metallic particles with a primary phase different from the alloy substrate are present in the oxide scales of the protective region. In the breakaway region, the chemical shift of nickel in the inner oxide layer is almost the same as the chemical shift of pure nickel and nickel inside the alloy substrate (Fig 3b) , but it is far away from the +2 nickel in the NiCr 2 O 4 and NiO standards. Therefore, the primary oxidation state of nickel in the inner oxide layer is determined to be zero. A feature of nanonetworks throughout the inner layer of the nonprotective region was observed (Fig. 4a) . SEM shows a two-dimensional network, but both oxide and metallic nanonetworks are probably continuous in three dimensions. Metallic phases were also observed at the inner oxide layer of the breakaway region by nanobeam XRD. The intensity of the ferritic Ni-Fe diffraction is higher than that of the austenitic phase, which indicates that the ferritic Ni-Fe is the primary phase.
These observations indicate that metallic nanoparticles are present in the oxide scales at both the breakaway region and the protective region. The elemental distribution in the oxide scales in the protective region on 321ss is different from that observed in the breakaway region. The nickel content is low in the oxide scales of the protective area, whereas the nickel content in the inner oxide layer of the breakaway region is higher than that in the alloy (Fig. 5a and b) . These metallic nanoparticles in the oxide layer connect to form networks in the breakaway region, but such networks do not form in the oxide scales of the protective region because the nickel meal particle density is not as high as in the oxide layer of the breakaway region.
The pre-edge feature in the K-edge XANES spectra of transition metals is associated with quadrupole transitions from the 1s to 3d orbital (Ref 10, 11) , and has been shown to increase in strength with the increasing Fe valence (or d-hole population). The oxidation state of iron in Fe 3 O 4 is higher than that in (Fig. 3e) . Therefore, the Fe oxidation state at the outer oxide layer is between 2 and 2.66. Near the boundary of outer and inner oxide scales, the intensity of Fe pre-edge decreases, and the peak position moves to lower energy, which indicates that the oxidation state of iron decreases. Figure 3 This indicates that there is a mixture of iron metal and iron oxides in the inner scale layer of the breakaway region. The systematic shift indicates that the metallic iron content increases with the decreasing distance from the alloy-oxide boundary. In the protective region, the oxidation state of iron near the gas side is between 2 and 2.66, and the metallic iron is also observed near the oxide-metal boundary ( Fig. 3c and d) . Since metallic nickel was also observed in the oxide layers in both the breakaway and the protective region, the metallic nanoparticles or networks consist of both metallic nickel and iron.
Metallic nanonetworks will be oxidized if the p O 2 is too high at location near surface. The above results indicate that the outer layer primarily consists of Fe 3 O 4 , where p O2 is high Fig. 3 The normalized absorption coefficients of K edge of 321ss after exposure to pure CO 2 at 750°C for 284 h: (a) Ni K edge at the protective region; (b) Ni K edge at the breakaway region; (c) Fe K edges at the outer and inner positions in oxide scale at protective region; (d) Fe pre-K edges at the outer and inner positions in oxide scale at protective region; (e) Fe K edges at the positions from gas-oxide surface at the breakaway region; (f) Fe pre-K edges at the positions from gas-oxide surface at the breakaway region enough to oxidize nickel metal. The inner layer consists of FeCr 2 O 4 and Fe-Ni metallic nanonetworks. The metallic nanonetworks extends to 20 lm (a typical metal grain size), and is about 13 lm away from surface in the gaseous environment of pure CO 2 at 750°C.
A FIB microscope was used to cut a small specimen from the breakaway region of the same sample for TEM analysis. The sample was oriented in the TEM so that the different phases had differing contrast in the TEM image of the breakaway region (Fig. 6) . The diffraction spots for spinel oxide are observed at location A. Electron diffraction is also observed from the metallic phase in the oxide layer. The chemical compositions of these phases were determined by EDX analysis ( Table 1 ). The analysis (ESVision software, standardless analysis) shows that the phase at location A of Fig. 6 contains 56 at.% oxygen (57 at.% oxygen in spinel). The oxygen content in the other phase at location B of Fig. 6 is small, which indicates that there is a metallic (non-oxide) phase in the oxide layer of the breakaway region. The nickel content in the oxide phase is low, whereas, its content in the metallic phase is about 25 at.%, which is consistent with the nano-XANES analysis. The Cr content in the metallic particle dramatically drops to 1.6 from 18.3 at.% in the alloy substrate (nominal composition, Table 1 ). Iron is found in both the oxide phase and the metallic phase (72 at.%). The oxidation state of iron can be determined by electron energy loss spectra (Ref 12) . The peak ratio of Fe L3 to Fe L2 is 3.4 for metallic iron, but the ratio increases to 5.5 for FeO. The EELS at location B is similar than the EELS of the iron at the alloy substrate (Fig. 7) . The measured peak ratio of Fe L3 to Fe L2 is 3.7, which is close to the ratio at the alloy substrate and that for metallic iron as measured by Leapman et al. (Ref 12) . These results confirm that iron is in metallic form at location B.
EDX analysis using SEM indicated that the bright spots in Fig. 4 (a) are rich in iron and nickel but contained less oxygen and chromium than those in the dark region. Based on the previous analysis (Ref 6) , which has now been confirmed by the present TEM analysis, these bright spots in the SEM image in Fig. 4 (a) are Ni-Fe metal particles. The contrast reversal between the SEM and TEM images is due to different imaging methods. It seems that oxidation stops at the grain boundary as indicated by the green arrow on Fig. 4(a) . Oxidation cannot directly propagate down if the network is terminated by the grain boundary, whereas the red arrow indicates that oxidation continued if the network is connected to the alloy substrate. Figure 4 (b) shows the oxidation at grain a and e initiating from The bright areas are the Ni-Fe metallic nanonetworks that connect to the alloy substrate and the dark area is oxides. Although some locations within the network are discontinuities in the two-dimensional image, the network is considered to be continuous to allow for the outward diffusion of Cr and iron atoms because the network is three dimensional. The oxides also form a continuous network to allow oxygen inward diffusion. The network is observed in the entire inner oxide layer (Color figure online) a point and propagating with an arc frontline. Although metallic nanoparticles were observed in oxide scale in the protective region, the metallic nanonetworks were only observed in situations where breakaway oxidation occurred. The results indicate that the metallic nanonetworks play an important role in leading to and in continuation of breakaway oxidation. In contrast, no such metallic network feature was observed when 321ss was oxidized in 21% O 2 -79% CO 2 at 750°C for 200 h. Therefore, metallic nanonetworks are easy to form in the low p O 2 environment.
Stabilities of Spinel and Cr 2 O 3
The relative amount of Cr in the oxide scales is much higher than that in the alloy, and it forms a sharp peak in the oxide scales of the protective region (Fig. 5c ). In contrast, Cr distributes uniformly in most of the inner oxide layer in the breakaway region, and the concentration ratio of Cr/Fe is much lower (Fig. 5d ). This ratio affects the phase composition in the oxide scales because the formation of the spinel needs both iron and chromium. In the protective region, both spinel and Cr 2 O 3 are observed. The content of spinel is high in the outer layer, but it is low in the inner layer of the oxide scales of the protective region (Fig. 5e ). In contrast, only spinel is observed in the inner oxide layer of the breakaway region (Fig. 5f ). Micro-Raman mapping also confirms a similar phase distribution pattern (Fig. 8) . Raman spectra were collected using a 509 microscope objective with a 5-mW, 514.5-nm laser excitation. The Raman shift at 553 corresponds to Cr 2 O 3 , and the Raman shift at $680 corresponds to spinel (Ref 13, 14 The standard change of reaction in Gibbs free energy (DG°) for the following three competitive reactions were obtained from references (Ref 16, 17 At the equilibrium, the equilibrium constant (K) for each reaction can be calculated from the following equation:
where R is the gas constant, and T is the absolute temperature. The carbon K a signal was ignored in both cases. The small oxygen K a signal from metallic network (<8 at.%) was ignored in the analysis because it was assumed to have originated from post-preparation surface oxidation of the TEM specimen Fig. 7 The electron energy loss spectra that are taken at the metallic particle in oxide layer and at the alloy substrate (used as an iron ''standard'')
In a nanomixture system, if we assume that the chemical activity of chromium (a Cr ) in alloy equals the mole fraction of chromium in the alloy, then the equilibrium constant can be written as The thermochemical calculation results are shown in Fig. 9(a) , with the assumption that the activity of iron in the scale as 0.72 and that of nickel in the scales as 0.25.
In the protective region where the metallic networks are absent, Cr 2 O 3 is the stable phase on the oxide-metal boundary interface for 321ss (which contains 17.4 wt.% Cr). A protective layer of Cr 2 O 3 can form after Cr is oxidized and accumulate near the oxide-metal boundary. However, when the metallic networks exist, Cr can diffuse through the nickel-iron metallic network because the diffusion rate of Cr in metal is higher than its diffusion rate in oxides (Ref 18, 19) . In the breakaway region, metallic networks become channels for Cr transport. Some of the Cr can be consumed by oxidation during transport, and its concentration at the end of the metallic networks can be much lower than that in the alloy. As the Cr concentration drops t less than 3.4 9 10 À3 at.% in metal, FeCr 2 O 4 can become more stable, which can prevent protective Cr 2 O 3 from forming.
The metallic nanonetworks or nanoparticles can be formed in the thermal growth process of the oxide scales (Ref 6), or may remain in the scale during continued oxidation. However, the critical issue is that the presence of metallic phase can, in turn, affect the diffusion process and the distribution of Cr in the oxide scales. If the oxidation process does not form such metallic nanonetworks, then Cr accumulates at the flat alloyoxide boundary, and a protective Cr 2 O 3 layer will form by regular diffusion process. If oxidation process results in the formation of metallic nanonetworks, then Cr will be diffused out and diluted into the oxide layer, and may not accumulate at the alloy-oxide boundary to form a dense Cr 2 O 3 layer. This process can lead to accelerated oxidation and can subsequently lead to breakaway oxidation. À3 at.% and near 100 at.%, which depends on the content of Mn in spinel. An increase in the Mn content would increase the stability of the solid solution. It is possible that when Mn is concentrated enough, the alloy would develop a spinel phase in the scales without a protective Cr 2 O 3 layer. TEM-EDX analysis indicates that the ratio of Fe/Mn is 13.1/1.8 in the oxide phase (see Table 1 ). The value for x in the spinel of Fe 1Àx Mn x Cr 2 O 4 is %0.12, whereas the content of Cr in metallic nanonetwork is 1.6 at.%. The Mn concentration in oxide and Cr concentration in metal may not be accurately determined because of the overlaps of Mn-K a and Cr-K b and their low concentrations. However, the results indicate that the critical C Cr in metallic nanonetwork can be >1 at.%, if there is enough Mn in the oxide layer. Type 321ss contains manganese, and the formation of an oxide scale without Cr 2 O 3 layer is observed in the breakaway region. This result confirms that the manganese in alloy can diffuse to oxide layer and increase the stability of the spinel phase, which leads to the formation of a nonprotective oxide layer without Cr 2 O 3 when the Cr concentration in metallic nanonetworks decreases.
Since oxygen diffusion in spinel is much faster than in Cr 2 O 3 (see Table 2 ), the oxidation rate in this region is also greater than that in the region with a protective Cr 2 O 3 layer. Our analysis suggests that breakaway oxidation is initiated upon the formation of a continuous metallic network within the scales.
Carburization of alloys was often observed at high temperature in a gas environment with CO 2 (Ref 1, 20) . The diffusion rate of carbon in the oxide scales is negligible (Ref 21) . Diffusion of carbon through oxide is very difficult. However, carbon can dissolve and diffuse through metals (Ref 6) . If there is a metallic nanonetwork through the oxide layer, then carbon can rapidly diffuse through these nanonetworks in the oxide layer. Figure 10(a) shows that carbides were observed at the grain boundary. Small crystals are also evident in grains under the nonprotective region (Fig. 10b) . In contrast, no such small crystals are observed in grains under the protective region (Fig. 10c) . EDX analysis indicated that the concentrations of carbon and chromium are high in these small crystals. Weak diffraction peaks from Cr 23 C 6 are observed in the nonprotective region by synchrotron nanobeam XRD analysis. Although the thickness of the oxide scale at the protective region is much smaller than that at the nonprotective region, these carbide crystals could not be observed either by the SEM or the nanobeam XRD analysis. Therefore, it can be concluded that metallic nanonetwork provides a path for fast transport of carbon through oxide layer. The diffused carbon reacts with chromium in 321ss and affects the mobility of chromium, which can further increase the corrosion rate.
Effect of Metallic Nanonetworks on the Diffusion Mechanism
High-temperature oxidation can be affected by many factors, such as grain boundary diffusion and chromia evaporation. Several mechanisms were proposed to explain the breakaway (Ref 22-25) . However, these mechanisms may not explain all the observations from this experiment. The aforementioned phase-stability analysis indicates that the primary phase at the nonprotective region is spinel. Thick spinel layer of over hundred micrometers obviously cannot protect the alloy from continued oxidation at the nonprotected region, since oxygen can rapidly diffuse through spinel. In contrast, the alloys can be protected by a Cr 2 O 3 layer with a thickness of only $1 lm when 321ss is oxidized in 21% O 2 -79% CO 2 . Therefore, the key issue to understand the breakaway oxidation is what happens at the reaction front of the alloy-oxide boundary to suppress the formation of a protective Cr 2 O 3 . Figure 2(c) shows the reaction front processes in a grain. Regular grain boundary diffusion obviously does not play a significant role in the front reaction in these grains. Typically, grain boundary diffusion increases alloy oxidation. However, Figure 2 (c) indicates that fast oxidation is terminated at grain boundary and that such a fast oxidation phenomenon cannot be explained by classic grain boundary diffusion. Cr 2 O 3 evaporation typically occurs in an environment with steam. However, when an experiment is conducted in pure CO 2 without steam, the effect of Cr 2 O 3 evaporation can also be ignored. These factors that affect the oxidation process cannot be used to explain the observations in our experiments. We will focus our discussion on whether the breakaway oxidation is led by internal oxidation or a new mechanism of metallic nanonetwork-assisted oxidation.
Since diffusion plays an important role in alloy oxidation, it is important to understand the diffusion mechanism involved in high-temperature oxidation. Figure 11 shows three types of diffusion mechanisms that we plan to discuss in this paper. In general, it is considered that cations such as Fe 2+ , Mn 2+ , and Cr 3+ diffuse outward to form the oxide scales. Table 2 ), the growth rate of the scale is also low, and the scale is protective. The diffusion mechanism for the protective region corresponds to Type A, as shown in Fig. 11(a) .
Internal oxidation has been studied for several decades (Ref 8, (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) . The mechanism is extensively discussed in the literature. The inward diffusion and precipitation of oxygen in metal were considered to have caused the alloy oxidation (shown in Fig. 11b ). When the concentration of an active alloying component is increased above a critical concentration, the oxidation process results in the formation of a protective oxide scale, and the alloy is minimally oxidized internally.
Originally, the application of the concept of internal oxidation was limited to low concentration of an active element in a relatively inert substrate (Ref 26-36) . However, the concept has been widely used for analyzing oxidation in concentrated alloys in many Fe-and Ni-based alloy systems with high concentrations of active elements ( Ref 7, 39, [41] [42] [43] [44] [45] . Although internal oxidation is always possible during high-temperature oxidation, the question is whether internal oxidation is the primary cause for breakaway oxidation. In general, if the oxygen inward diffusion flux is larger than the chromium outward diffusion flux, internal oxidation plays a major role in oxidation. Therefore, the required condition for the internal oxidation mechanism in Cr containing alloy is as follows (Ref 40) : Internal oxidation mechanism cannot fully explain our experimental observations either. In general, there are three types of oxidation: (i) exclusive internal oxidation without external scales; (ii) both internal oxidation and scale formation; and (iii) exclusive external scales. Type (i) obviously is not applicable to 321ss because external scales have been observed after exposure to CO 2 at 750°C. According to the theory of internal oxidation, the required chromium concentration to form an exclusive external scale is calculated by the following equation:
ðEq 12Þ
where the factor g* is generally approximated as 0.3 (Ref  36) . V m and V CrO1.5 are the molar volumes of alloy and oxide, respectively, which were assumed as 7 and 14.6 cm 3 / mole, respectively. N is oxygen solubility in the metal, D O is diffusivity of oxygen in the metal, and D Cr is the diffusion coefficient of Cr in the metal.
For an austenitic alloy, the diffusivity of oxygen and chromium are available in the literature. D Cr is 3. À7 at 750°C in c-Fe under the equilibrium of Fe-FeO. The critical concentration N should be %3 at.% at 750°C, based on the oxygen solubility in c-Fe under the equilibrium of Fe-FeO. However, it should be noted that application of Eq 12 is limited to diluted alloys with concentration of active element (B) <1 at.%. Equation 12 was also derived from a simple assumption that only simple oxides of AO x and BO y form in the oxidation process. For the Fe-Cr alloys, the nanobeam XRD results indicate an absence of simple oxides such as FeO and Cr 2 O 3 in the inner layer of the nonprotective region. The only oxide in the nonprotective layer on 321ss is AB 2 O 4 ((Fe,Mn)Cr 2 O 4 ). FeO was also not observed in the oxide scales of the protective region. The oxygen solubility in either c-Fe and a-Fe under the equilibrium of FeFeCr 2 O 4 is currently not available, and its value will be much lower than that under the equilibrium of Fe-FeO. Therefore, the critical concentration of Cr in steel for the formation of an exclusive external scale should be less than 3 at.%. The concentration of Cr in 321ss is 18.3 at.%. An exclusive external scale should form on 321ss, theoretically. SEM cross-sectional images also indicate that an external scale was observed initially when 321ss was exposed to pure CO 2 at 750°C, and the surface of 321ss was still protected by the external scales after exposure to 21% O 2 -79% CO 2 at 750°C for 320 h. Therefore, both theoretical and experimental results have proven that an exclusive external scale can form on 321ss with Cr content of 17.3 wt.% initially. If 
Results from RappÕs experiment indicates that less-active alloying element is needed for the transition of internal oxidation to external oxidation at low p O 2 than that at high p O2 (Ref 35, 36 ). In the breakaway region of 321ss, the p O2 in the inner oxide layer is low since the oxygen inward diffusion is retarded by the relatively thick oxide layer. According to RappÕs results, less Cr content would be required to prevent internal oxidation. When an alloy can form a protective external oxide scale at the gas-oxide surface, it is not reasonable to consider the observation in Fig. 4(a) to be ''internal oxidation zone'' where p O2 at the inner-layer is lower than that at the outer layer at the gas-oxide surface.
The theoretical density of FeCr 2 O 4 spinel is 4.7 g/cm 3 . The density of 321ss is 7.92 g/cm 3 . If oxygen inward diffusion is the dominant mechanism, then the mass increase and the density decrease during the oxidation of 321ss to FeCr 2 O 4 should lead to a large volume expansion and deformation of the alloy grains. However, the straight grain boundary at the interface of oxide-metal in Fig. 2(c) (indicated by the green arrow) shows that the former grains do not deform after oxidation, which also indicates that the oxygen inward diffusion through metallic networks is not the predominant mechanism. The iron content in the metallic nanonetwork in the oxide layer is 72 at.%. However, the Cr content in the metallic nanonetwork near the alloy substrate has dropped to 1.5 at.%, which is too low to form a Cr 2 O 3 protective layer. Therefore, the oxidation of the major component of the alloy, Fe, occurs in the metallic nanonetwork region, instead of the interior of the alloy.
Therefore, the classical internal oxidation mechanism (developed for dilute alloys) may not be the best mechanism to explain the breakaway oxidation of 321ss. We believe that the rapid oxidation phenomenon can be better explained if we carefully consider the other possible diffusion mechanism shown in Fig. 10(c) . For internal oxidation mechanism, the volume of oxide is less than the volume of metal. In the case of Ag-In alloys, Rapp found that the volume fraction was less than 0.3 for internal oxidation. For the opposite case, in which the volume of oxide is more than the volume of metal, the effect of the metal in the oxide layer on the oxidation has not been studied yet. If these metallic particles in the oxide layer are isolated, diffusion mechanism may not been affected. However, if these metallic particles connect together to form a nanowire in the oxide layer, as shown in Fig. 11(c) , the diffusion mechanism at the reaction front will be dramatically changed.
The difference in the distributions of Fe between breakaway and protective regions indicates that the metallic networks play an important role in the transport of Fe. Rapid transport of Fe outward through the Ni-enriched metallic networks in the breakaway region results in high Fe content in the outer layer. Such a process does not occur in the protective region. Typically, Cr, Fe, and Mn diffuse outward through the oxide scales as cations. If there are no metallic nanonetworks, then their outward diffusion rates will be slow because the cation diffusion rates through Cr 2 O 3 are very low (see Table 2 ). However, the diffusion rates of these neutral metal atoms through metallic nanonetworks are much higher than in the Cr 2 O 3 layers. For example, D Fe in Ni metal is 1 9 10 9 larger than in Cr 2 O 3 . The diffusions of Cr, Fe, and Mn in Ni metal are also faster than those in spinel. The metallic nanonetworks act as rapid diffusion tunnels to break through the diffusion barrier of the Cr 2 O 3 layers that can protect the alloy from continued high-temperature oxidation. Thus, the transportation mechanism is fundamentally changed.
The in spinel will be much larger than that in metallic nanonetwork at 800°C. At 750°C, this order will not change. Therefore, the rapid oxygen inward diffusion at the nonprotective region on 321ss should be through spinel, instead of through metallic nanonetworks.
A transportation mechanism that leads to breakaway oxidation can be proposed as the following: Cr, Fe, and Mn transport outward, and carbon diffuses inward through the metallic networks, while oxygen diffuses inward through the spinel phase. Since both the metallic elements and oxygen transport through the fastest routes, the oxidation rate at the location adjacent to the metallic networks would be higher than that at the region without the metallic networks, leading to localized oxidation (see Fig. 1 ). Figure 4(b) shows that oxidation of a and e grains seem to initiate from the upper left corner of the grain. The oxide-alloy boundary forms an arc line with the center at the corner of the grain. The presence of the large dark region at the corner of the grain is due to the accumulation of oxides of Cr, Fe, and Mn transported via the metallic networks from the alloy. EDX analysis confirms high concentrations of Cr, Fe, Mn, and O in the dark regions. The accumulation of the oxides, which forms the dark and thicker grain boundaries in the oxidized region, is evidence of outward diffusion of metallic elements. Meanwhile, the grain boundaries of the upper grains are not as straight as those near the oxidemetal boundary, most likely due to the insertion of Cr, Fe, and Mn oxides. For the grain b, the accumulation of the oxides of Cr, Fe, and Mn also leads to thicker upper boundaries. For the grain d, the oxidation initiates from two active sites, namely the upper corner and upper grain boundary. However, the thickness of the grain boundary with active sites is much greater than that without the active sites. These observations can be explained by the outward diffusion of metal atoms through the metallic network, but they cannot be explained by the inward diffusion of oxygen. Cr and Fe outward diffusions through metallic nanonetworks are explained as the mechanism responsible for the rapid oxidation when metallic networks connect to the alloy substrate. This metallic nanonetwork-assisted oxidation mechanism (MNAO) with different diffusion routes (see Fig. 11c ) can clearly explain the experimental observation. Internal oxidation is due to the oxygen inward diffusion. In contrast, MNAO is due to the metallic elementsÕ outward diffusion through metallic nanonetworks in a system with oxide multilayers. Since the proposal of the theory of oxidation by Wagner in 1933 (Ref 5) , diffusions of charged species such as cations, anions, and electrons have been considered as the only avenue for transport in the oxide scales because the scales are usually considered to consist of only oxide phases. However, the formation of metallic nanonetworks in the oxide layers fundamentally changes the transport mechanism.
Effect of Metallic Nanonetworks on the Phase Formation in Oxide Layers
If there are no metallic nanonetworks, then the dual layer structure with Cr 2 O 3 at the bottom is a stable structure because a thin layer of Cr 2 layer was almost totally removed in the nonprotective region of the 321ss. The nanobeam XRD analysis on the inner layer of the nonprotective region confirmed the effect of metallic nanonetworks on the phase formation and the phase structure in the oxide layer after breakaway oxidation occurred (see Fig. 3a ).
Effect of Oxygen Partial Pressure on the Formation
of Metallic Nanonetworks and Oxidation oxidation is slower in 3.97% O 2 -96.03% CO 2 than in 0.1% O 2 -99.9% CO 2 . Breakaway oxidation has not occurred on the same alloy within 320 h, when the alloy was exposed to 21% O 2 -79% CO 2 with higher p O 2 than that in pure CO 2 . The proposed MNAO mechanism can explain why the oxide scales are easy to break away at low p O 2 environment. Since Cr is a strongly reducing element, the oxygen partial pressure at the alloy-oxide boundary is very low. If a Cr is assumed to be 0.183 (the mole fraction of Cr of 321ss with 17.3 wt.% Cr), the calculated p O 2 at the alloy-oxide boundary from Eq 8 is 7.9 9 10 À30 atm at 750°C. The oxygen partial pressures of CO 2 is %10 À6 in the system (1ppm O 2 impurity in the CO 2 gas, 1.8 9 10 À7 atm O 2 at 750°C from the equilibrium) are lower than that in 21% O 2 -79% CO 2 . Therefore, the oxygen partial pressure gradient in the oxide scales for specimens exposed to CO 2 or steam would be several orders of magnitude smaller than that exposed to 21% O 2 -79% CO 2 , assuming a constant oxide scale thickness. The oxygen partial pressure gradient in the oxide scales can play two roles with respect to the formation and growth of metallic nanonetworks.
First, metallic nanoparticles cannot survive in high p O2 environment as iron and nickel can be oxidized. The region of the oxide scales in which p O2 is low enough for the formation of these metallic nanoparticles is small at a high oxygen partial pressure gradient and little, if any, metallic nanoparticles can form. The probability of these metallic nanoparticles connecting together to form metallic nanowires is therefore also low. Second, even if a metallic nanowire has formed in an oxide scale, it cannot grow long enough at a high gradient of oxygen partial pressure. In contrast, it is possible to grow a long metallic nanowire in an environment with a low oxygen partial pressure. After long distance diffusion, the chromium concentration at the end of the metallic nanowire drops below the minimum required to form stable Cr 2 O 3 . Cr is delivered to the nonprotective spinel layer (see Fig. 12 ). This can be the cause of the enhanced oxidation rate seen in CO 2 in which oxygen partial pressures are lower than in 21% O 2 -79% CO 2 .
The oxide scales, in general, are mixtures of Cr 2 O 3 and spinel phases. Oxygen diffuses fast in spinel but much slower in Cr 2 O 3 . Figure 5 (e) shows the Cr 2 O 3 /spinel ratio for the protective region on 321ss. The content of Cr 2 O 3 phase in the oxide scales generally increases with the decreasing distance from the alloy-oxide boundary. It is reasonable to assume that the scale is protective only if the Cr 2 O 3 contents are larger than a critical value C Cr 2 O 3 . Higher than this this value, spinel Fig. 12 Schematic of the effect of oxygen partial pressure on metallic nanonetwork-assisted oxidation. Oxygen diffuses fast in spinel, but slowly in Cr 2 O 3 . A metallic nanowire can directly deliver chromium metal to the nonprotective spinel layer when the low gradient of the oxygen partial pressure allows the metallic nanowire to grow sufficiently long particles are isolated, and the contact of spinel particles is totally blocked by Cr 2 O 3 , so that the fast oxygen diffusion path is blocked. We define this layer with Cr 2 O 3 contents >C p as the protective layer. The oxygen activity in the mixture will be a function of external p O2 . If the external p O2 is large, then the oxygen partial pressure gradient is also large, which can lead to the p O 2 in the protective layer to be larger than that required p O 2 to oxidize nickel. The metallic nanonetwork cannot extend out of the protective layer. A sufficient amount of Cr can diffuse through the short metallic wire to form Cr 2 O 3 . In contrast, if the external p O2 is low, then the oxygen partial pressure gradient is also low, which can cause the p O2 in the protective layer to be lower than the p O 2 required to oxidize nickel. The metallic nanonetwork can grow long enough to extend out of the protective layer. Chromium will be continuously delivered to the nonprotective layer through the long metallic wire but cannot form Cr 2 O 3 since the concentration of Cr is not large enough after long-distance diffusion. The outward diffused Cr is consumed by gradual carburization in the inner oxide layer to allow the outward diffusion process to continue. These metallic nanonetworks cannot be considered only as the results of internal oxidation. These nanonetworks in oxide layers fundamentally change the transport mechanism. Cr, Fe, and Mn diffuse outward and carbon diffuse inward through the networks, while oxygen diffuses inward through the spinel phase. Since transports of both the metallic elements and oxygen occur through the fastest routes, the oxidation rate greatly increases and leads to breakaway oxidation. Figure 13 (a) shows that oxidation stopped at the grain boundary because the metallic nanonetworks could not be extended across the grain boundary. The p O2 in the grain will gradually increase when oxygen continues inward diffusion through the oxides, and metals are gradually oxidized. The dark spots indicate the regions where metals were totally oxidized. The oxidation process will stop when the entire grain was oxidized. Figure 13(b) shows the termination of the MNAO. Figure 13 (c) shows that the MNAO has restarted at the corner of another grain. Therefore, the MNAO is not a continuous process under microscale. It is a virus-like propagation process. The rapid oxidization starts at a weak point of an infected grain. If time is not sufficient to develop such a metallic nanonetwork structure in the next grain, then the oxidation process will be terminated. Fast inward diffusion of oxygen in a high p O 2 gas environment can lead to easier termination of MNAO in a high p O 2 gas environment than in a low p O 2 gas environment. This is another reason why breakaway oxidation of 321ss is easy to propagate in a low p O2 environment.
Conclusions
The present study shows that metal nanoparticles could form in the oxide scales that develop on alloy surfaces upon exposure to elevated temperatures. Metallic nanonetworks were observed in the breakaway region. In contrast, metallic nanoparticles have not connected to metallic nanonetworks at the protective region. The phase structures at the protective region are totally different from those at the nonprotective region. Cr 2 O 3 is the major phase at the protective region, but Cr 2 O 3 is almost absent in the breakaway region where metallic nanoparticles exist. The oxidation rate of an alloy is much faster when these metallic nanonetworks appeared. A model is proposed to explain the accelerated/breakaway oxidation using the metallic nanonetworks.
Metallic nanonetworks can act as important channels in the mass transport during the oxidation process. In contrast to diffusion of charged species such as cations, anions, and electrons as the only avenue for transport in the oxide scales, neutral metal atoms can transport through the metallic nanonetworks when these nanonetworks exist in the oxide layers. The change of the diffusion mechanism dramatically affects the solid reactions at the important reaction front at the alloy-oxide boundary. More iron atoms can be released into the oxides though the fast diffusion tunnels of metallic nanonetworks. Meanwhile, chromium is also diluted after diffusing out through metallic nanonetworks. This process results in more spinel phase and less Cr 2 O 3 in the oxide layer on the alloy surface. A dense protective Cr 2 O 3 does not form and, as a consequence, leads to rapid breakaway oxidation. MNAO is a type of rapid oxidation. Virus-like propagation of MNAO from grain to grain was observed. To minimize rapid MNAO, alloys should not contain elements that can lead to the formation of highly stable spinel phases in the oxide scales, which would lead to the formation of an oxide layer without Cr 2 O 3 .
